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Reorientations in the Bacteriorhodopsin Photocycle Are pH Dependent
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ABSTRACT Chromophore reorientations during the bacteriorhodopsin photocycle in the purple membrane of Halobacte-
rium salinarium have been detected by time-resolved linear dichroism measurements of the optical anisotropy over the pH
range from 4 to 10 and at ionic strengths from 10 mM to 1 M. The results show that reorientations in the L and M states of
bacteriorhodopsin are pH dependent, reaching their largest amplitude when the membrane is at pH 6-8. Reorientations on
the millisecond time scale of unexcited spectator proteins in the native purple membrane also depend on pH, consistent with
the suggestion that spectator reorientations are triggered by reorientation of the photoexcited protein. The results imply that
a group with a PKa of 5 to 6 enables reorientations, and that the deprotonation of a site at pH values above 9 restricts
reorientational motion. This suggests that reorientations in M may be correlated with proton release.
INTRODUCTION
The structure of the membrane protein bacteriorhodopsin
(BR) has been characterized by electron diffraction (Hend-
erson et al., 1990), stimulating interest in structure-function
correlations as a model for proton pumping, as well as for
the function of visual proteins and other rhodopsin-like
proteins. Although several features of bacteriorhodopsin's
proton pumping mechanism are known (Lanyi, 1993;
Ebrey, 1993), essential aspects of the structure-function
relationship in bacteriorhodopsin are still in question. Al-
though it is clear that certain residues play a key role in the
proton pump, the nature of conformational changes in the
protein and their role in the proton pump are not yet well
understood.
A model has emerged for proton pumping in BR (see
Lanyi, 1993, and Ebrey, 1993, for reviews) in which pKa
changes in the Schiff base and residues D85 and D96
comprise essential features in the proton pumping mecha-
nism. At physiological pH, proton release from the extra-
cellular side is followed by proton uptake on the cytoplas-
mic side. The pKaS of the important functional groups are
initially 9, 13, and 3 for D96, the Schiff base, and D85,
respectively, in ground-state, light-adapted BR (Lanyi,
1993; Ebrey, 1993; Bashford and Gerwert, 1992; Sampogna
and Honig, 1994). After the inception of the photocycle, the
PKa of the Schiff base drops while the pKa of D85 increases
(Lanyi, 1993; Braiman et al., 1995), allowing proton trans-
fer from the Schiff base to D85 in the L -> M step. During
or after the L -> M transition, a proton is released to the
extracellular medium by a group with a pKa of 5.8 (Zimainyi
et al., 1992). In the M -- N transition, the pKa of D96
decreases while the pKa of the Schiff base increases, result-
ing in proton displacement from D96 to the Schiff base via
a water channel (Cao et al., 1993). Finally, the pKas return
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to their original levels and a proton is accepted from the
cytoplasmic side by a site with a PKa of approximately 11
(Zimanyi et al., 1993).
This sequence of events raises the important question of
how these events are associated with other changes in the
protein or the purple membrane on a broader scale. Evidence
from a variety of sources now emphatically supports sugges-
tions that the protein changes conformation during the BR
photocycle. A perturbation of Asp-96 bands appears in the L
state difference Fourier transform infrared (FTIR) spectrum
(Braiman et al., 1991; Maeda et al., 1992). Further changes
appear in M (Sasaki et al., 1994; Takei et al., 1994) associated
with Asp-96, Asp-1 15, and a lysine residue assigned to Lys-
216 at the active site. Evidence of changes in protein structure
between the BR and M states was also detected by electron
(Subramaniam et al., 1993; Han et al., 1994), neutron (Dencher
et al., 1989; Hauss et al., 1994), and x-ray diffraction (Koch et
al., 1991; Dencher et al., 1991). Whereas FTIR difference
spectra are sensitive to changes localized at specific sites,
changes in electron density in the cytoplasmic side of the F and
G helices (Subramaniam et al., 1993) suggest a more global
conformational change.
The approach taken in our laboratory has been to measure
chromophore reorientations at various stages of the photo-
cycle (Song et al., 1994; Wan et al., 1993). Anisotropy
changes corresponding to reorientational motions were ob-
served in the L and M states, followed by a return to nearly
the initial anisotropy in the 0 State. Recovery of the initial
orientation demonstrates that the observed motions are pho-
toinduced and reversible rather than diffusive. Although
optical anisotropy measurements cannot distinguish among
chromophore reorientation due to protein conformational
changes, protein reorientation within the membrane, or
larger scale changes in the membrane, reversible photoin-
duced reorientations must in any case be driven by internal
changes in the protein. These observations raise the question
of the role of reorientational motions in BR and their pos-
sible relationship to protein function. The intent of this
paper is to explore such a relationship by determining how
reorientational motions are correlated with pH. The pH
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dependence suggests that these motions may be associated
in some manner with proton release to the extracellular
medium.
EXPERIMENTAL PROCEDURES
Time-resolved transient absorption (TA) and time-resolved linear dichro-
ism (TRLD) signals were detected as described previously (Song et al.,
1994; Wan et al., 1993). TRLD and TA signals were measured at three
probe wavelengths: 410 nm for M-state measurements, 550 nm for L-state
measurements, and 550-570 nm for ground-state measurements. The
TRLD, D(t) = Ail- AAj_; the isotropic transient absorption, AA = AAII
+ 2AAL; and the anisotropy, r = (AAII - AAL)/(AAII + 2AAJ), were
calculated from the digitized signals.
The purple membrane was extracted from Halobacterium salinarium
strain ET1-001 by standard methods (Oesterhelt and Stoeckenius, 1974)
and suspended in a buffer solution consisting of 8.5 mM acetic acid and 1.5
mM sodium acetate at pH 4.0; 3.5 mM acetic acid and 6.5 mM sodium
acetate at pH 5.0; 10 mM 2-(N-morpholino)ethanesulfonic acid buffer at
pH 6.0; 10 mM phosphate buffer at pH 7.0; and 10 mM tris(hydroxy-
methyl) amino ethane buffer at pH 8.0; 10 mM boric acid at pH 9.0; 10 mM
boric acid at pH 10.0; with 5 mM sodium azide. For ionic-strength studies,
KCl was added to achieve the desired salt concentration. Solutions of 1 M
HCl or 1 M NaOH were added dropwise until the correct pH was obtained.
Low-ionic-strength samples were prepared by suspending the purple mem-
brane in doubly distilled, deionized water at pH 7. The gel samples were
prepared as described previously (Song et al., 1994).
Samples were light adapted by exposure to a 100-W lamp. Liquid
samples were flowed at 25°C through a 2-mm-thick sample cell at a rate of
1 to 4 mm/s to prevent repetitive excitation and sample heating. There is no
detectable flow orientation at this flow rate. The gel sample was rotated
during data collection to prevent repetitive excitation and sample heating.
The sample was optically clear, with an optical density of about 1 to 1.6 at
568 nm. The sample temperature for all measurements was 25°C.
RESULTS
Anisotropies were measured as the ratio D(t)/AA(t) over the
pH range from 4 to 10. From these measurements, the
anisotropies rL, rM, and rBR of the L and M intermediates
and the light-adapted ground state (BR) were determined by
methods described by Song et al. (1994). Anisotropies were
measured either at a time delay corresponding to the max-
imum absorbance of an intermediate or in scans of the time
delay spanning the decay of a given intermediate. The
results are collected in Fig. 1 and Table 1. For each mea-
surement the pump power was limited, so that the absorp-
tion was not saturated.
L-state and BR ground-state anisotropies (Fig. 1 A) were
calculated from the anisotropies measured at 550 nm from 0
to 390 ,us by fitting the anisotropy decay to the equation
(Song et al., 1994)
AAL(t)
r()= rBR + AA(t) (rL -rBR).* (1)
The L-state anisotropy reaches a value of 0.38 at pH 4, 5,
and 9 and drops to 0.36-0.37 at pH 7-8. These changes are
small (0.02 between pH 5 and pH 7) but follow the same
trend observed in the M state (Fig. 1 B). The value at pH 7
agrees (within experimental error) with the value reported
previously (Song et al., 1994).
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FIGURE 1 Anisotropy dependence on pH for (A) ground state BR (A),
the L state (U), and (B) the M state in 15-mM buffer (0) and in 100 mM
KCl plus buffer ( * ). The anisotropy of the L state was measured over time
delays from of 10 to 390 lus, the anisotropy of the M state at a time delay
of 390 ,ts, and the anisotropy of BR at 390 p.s.
Fixed-time scans at 410 nm were used to collect the M-state
data over the range pH 4-10 at a time delay of 390 ,us. Fig. 1
B shows the M-state anisotropy as a function of pH in 15 mM
buffer (circles) and in buffer with 100 mM KCl (diamonds).
The dependence of the M-state anisotropy on pH is more
pronounced than for the L state. Corrections for ground-state
contributions at 410 nm are small (Song et al., 1994) and have
not been incorporated. We were able to fit the pH dependence
of the M-state anisotropies with pKas of 6 and 8-9. On the
high pH side, the apparent pKa seems to shift down by up to 1
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FIGURE 2 Spectator anisotropy change at pH 5.0 (0), pH 7.0 (U), and
pH 8.0 (A), calculated from TRLD data by Eq. 5 in the text. The solid lines
show a least-squares fit to Eq. 6 with the fitting parameters tabulated in
Table 2.
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TABLE I pH dependence of anisotropies in the L and M intermediates
L state (in 15 mM buffer) M state (in 15 mM buffer) M state (in 100 mMv KCI and 15 mM buffer)
pH rL 01. rM m rM m
4.0 0.381 ± 0.004 10.10
5.0 0.383 ± 0.005 9.70 0.379 ± 0.008 10.60 0.393 ± 0.003 6.20
6.0 0.375 ± 0.01 11.80 0.345 ± 0.001 17.50 0.366 ± 0.002 13.80
7.0 0.36 ± 0.01 14.90 0.333 ± 0.001 19.50 0.337 ± 0.007 18.90
8.0 0.368 ± 0.001 13.20 0.329 ± 0.005 20.10 0.361 ± 0.005 14.80
9.0 0.373 ± 0.009 12.10 0.348 ± 0.003 17.00 0.364 ± 0.008 14.20
10.0 0.378 ± 0.005 10.90 0.35 1 ± 0.007 16.50 0.383 ± 0.006 9.70
Reported uncertainties are standard errors from least-squares fits.
*Reorientation angle calculated from r1 = (3coS2 0i - 1)15, with the assumption that each photocycling BR reonients identically.
unit with an increase in ionic strength from 15 mM to 5 mM.
A shift of this magnitude is consistent with previous studies of
the pH dependence of proton release (Kono et al., 1993).
Anisotropies were also measured for purple membrane
immobilized in a polyacrylamide gel at pH 5.0 and at pH
7.0. The M-state anisotropy in the gel was 0.38 ± 0.01 at
pH 5.0 and 0.35 ± 0.01 at pH 7.0. The value at pH 5.0 is
consistent with the measurement of Der et al. (1988), who
reported at an M-state anisotropy of 0.38 ± 0.01 at pH 5.5.
On a time scale of milliseconds, anisotropy changes have
been detected and attributed to reorientational motions of spec-
tator BR, i.e., members of the trimer adjacent to a photoexcited
BR (Wan et al., 1993). The results in Fig. 2 and Table 2 show
that these reorientations are also sensitive to pH. The spectator
anisotropy changes were analyzed in temis of the reversible
reorientation model (Wan et al., 1993), which was proposed to
account for anisotropy decays at 570 nm on the millisecond
time scale. These anisotropy decays cannot be explained by
reorientation in photoexcited BR or by changes in overall
membrane curvature, because a constant anisotropy has been
observed in the M and 0 states on the same time scale (Song
et al., 1994; Wan et al., 1993). Rather, the millisecond time-
scale anisotropy decays at 570 nm can be explained by reori-
entations of spectator BR. In this model, the measured anisot-
ropy is regarded as consisting of two contributions: one (rh)
from the hole created in the BR ground orientational distribu-
tion by photoexcitation, and the other (re) from the recovering
BR population that has completed the photocycle. The key
point is that at long times, any difference between the anisot-
ropy of the hole and recovering populations is magnified by the
diminishing TA signal. The TRLD contribution from ground-
state BR is (Wan et al., 1993)
DBR(t) = AABR(0[rh(t) re(t)] + re(t)AABR(t), (2)
where AABR(O) is the bleach in the ground-state BR absorp-
tion resulting from photoexcitation. The anisotropy of the
hole can be written
rh = e--Ar t (3)
where Ars(t) is the anisotropy change of the non-photoex-
cited (spectator) BR due to reorientation of spectator BR.
The spectator anisotropy change can then be found from
Ar,5(t) -=(reAABR(t) DBR(t)
AABR(0)
(4)
We suppose in this model that the photocycling proteins
return to their original orientation, so that re = 0.4, a value
that is consistent with the t --> 0 limit of the anisotropy
measured at 570 nmu on the millisecond time scale. It is then
possible to determine Ar,,(t) from the experimentally deter-
mined value of AABR(O) and from the TA and TRLD data.
Equation 4 can be used to calculate the spectator anisotropy
changes Arsjt) directly from the data. We have found it
convenient, to reduce the uncertainty in the calculated
Ars(t), to fit the ground-state recovery at 570 nm to an
exponential function with time constant TBR. The spectator
anisotropy change is then given by
Ar,(t) = r0,e -IThR - DBR(t)/AABR(O) (5)
The spectator anisotropy changes calculated in this way at
pH 5.0, 7.0, and 8.0 are shown in Fig. 2. The pH 4.0 data
were noisy because of turbidity in the sample. The pH 9 and
10 data, which are not shown, are expected to contain
significant contributions from the N state (V6r6 and Lanyi,
1990; Ames and Mathies, 1990).
The spectator anisotropy changes Ar5(t) can be fit to the
reversible reorientation model (Wan et al., 1993), in which
the spectator proteins rotate with a time constant Ta and then
return to their original orientation with a time constant Tb:
Ars(t) = 2Ar1[1I exp (--t/Ta)] exp (- t/Tb).- (6)
TABLE 2 Spectator anisotropy changes and time constants
pH Ta* (ins) Tb* (ins) Ar0* TBR* (ins)
5.0 1.7 ± 0.8 20.7 ± 9.3 0.022 ± 0.002 8.1 ± 0.3
6.0 3.2 ± 0.5 10.9 ± 0.4 0.039 ± 0.002 7.3 ± 0.4
7.0 3.0 ± 0.6 20.5 ± 1.5 0.040 ± 0.005 5.9 ± 0.3
8.0 3.43 ± 0.14 10 ± 3 0.048 ± 0.001 6.1 ± 0.1
*Obtained from fits of Eq. 6 to spectator anisotropy changes. Uncertainties
are the standard errors in least-squares fits.
*Obtained from a single-exponential fit of the TA data for recovery of BR.
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TABLE 3 Dependence of anisotropies on ionic strength
Ionic strength rBR Ar,* rK rL rM
Deionized water 0.408 ± 0.002 0.013 + 0.01 0.37 ± 0.01 0.385 ± 0.008
Buffer (15 mM) 0.40 ± 0.01 0.05 ± 0.01 0.38 + 0.01 0.35 ± 0.01 0.33 ± 0.01
100 mM (KC1) (with 15 mM buffer) 0.40 ± 0.01 0.05 ± 0.01 0.37 ± 0.01 0.36 ± 0.01 0.34 ± 0.01
1 M (KC1) (with 15 mM buffer) 0.40 ± 0.1 0.060 + 0.003 0.38 + 0.01 0.38 ± 0.01 0.35 + 0.01
5 mM CaCl2 (with 15 mM buffer) 0.40 ± 0.01 0.38 ± 0.01 0.35 ± 0.01
Uncertainties are the standard errors from least-squares fits.
*Spectator anisotropy change from Eq. 6.
tM state not detectable under these conditions (see text).
Ar5 is the maximum amplitude of the spectator anisotropy
change, and the factor of 2 arises from the existence of two
spectator proteins in each trimer. (If only one spectator
reorients, its anisotropy change is twice as large.) The
results of these fits for pH values over the range pH 5.0- 8.0
are presented in Table 2. Fits of Eq. 6 directly to Ars(t)
calculated from Eq. 4 instead of Eq. 5 resulted in fitting
parameters in agreement (within experimental error) with
those in Table 2, but with larger uncertainties. The deter-
mination of the anisotropy of BR is complicated at pH
values of 9 or greater by the increased concentration of the
N intermediate (Varo and Lanyi, 1990; Ames and Mathies,
1990). Because the N intermediate absorbs at 570 nm, and
its anisotropy is not known, we did not attempt to determine
the anisotropy of BR at pH . 9 from anisotropy decays at
570 nm on the millisecond time scale.
Our measurements of the dependence of the anisotropies
ofBR photointermediates on ionic strength at fixed pH were
motivated by the fact that previous measurements of time-
dependent properties of BR have been carried out over a
range of ionic strength conditions. Hence, it is prudent to
determine the relevance of this parameter to allow compar-
ison with results from other laboratories. The dependence of
anisotropies on ionic strength for BR, K, L, and M at pH 7
is summarized in Table 3. The anisotropies of the BR hole
(determined at 390 ,us) and of the K state are independent of
ionic strength, whereas the anisotropies in L and M appear
to increase slightly between 15 mM and 1 M. This result is
consistent with the pH dependence in Fig. 1 B. Whereas the
apparent pKa above pH 7 appears to depend on ionic
strength (see Fig. 1 B), as expected in light of the negative
surface potential of the membrane (Kono et al., 1993), the
magnitude of the maximum reorientation around pH 7 is not
strongly affected by increased ionic strength. However, the
low-ionic-strength data show decreased reorientation in the
L state, and virtually no spectator reorientation. This result
is consistent with the nearly constant anisotropy at 554 nm
over 10 ms reported by Schulenberg et al. (1995). Appar-
ently ions removed from the membrane at low ionic strength
play a crucial role, particularly in the spectator motions. No
M state was detectable under these conditions, perhaps
because of incipient formation of blue membrane over the
course of the experiment.
DISCUSSION
The pH of the medium has a marked effect on the anisotropy
in the M intermediate and a less pronounced effect on the
anisotropy of L, as shown in Fig. 1. Reorientational motions
are nearly eliminated at pH < 5. The amplitude of reorienta-
tional motion reaches its greatest amplitude at a pH of 7 to 8,
and is reduced for pH 2 9. (The M-state reorientation observed
at pH 9-10 is in agreement with the reported tilt of the
chromophore by 11 ± 60 in the M-state, reported by Hauss et
al. (1994), based on neutron diffraction measurements of pur-
ple-membrane films at pH 9.6.) A similar pH dependence is
found in the reorientation of spectator BR on the millisecond
time scale. This finding is consistent with the hypothesis that
spectator reorientations are triggered by the reorientation of the
photoexcited protein (Wan et al., 1993). The absence of a
significant dependence of anisotropy on ionic strength (Table
3) suggests that these anisotropy changes are not strongly
sensitive to surface potential.
We have argued (Song et al., 1994) that whatever the
specific nature of the reorientational motions in the L and M
states, the fact that they are photoinduced and reversible
shows that they are triggered by changes inside the protein.
The fact that reorientations in L and M are maximized over
the pH range 6 to 9 suggests that reorientational motions are
enabled or disabled by the protonation states of key residues
in the protein. These results imply that deprotonation of a
group with pKa 6 enables reorientations, and that depro-
tonation of another site above pH 9 restricts reorienta-
tional motion. Interpretation of these results could follow
two lines. In one, these pH-dependent changes could be
attributed to heterogeneity in the initial BR populations,
with pH-dependent BR populations. In the other, the pH-
dependent changes would be associated with proton transfer
events in the course of the BR photocycle.
Two recent observations suggest that the protonation state of
a group with pK. 9 controls the composition of a heteroge-
neous initial BR population. In one, an increase in the lifetime
of the retinal excited state in BR with pH was observed over
the pH 9-10 range (Song et al., 1994). In the other, FTIR
difference spectra showed a pH-dependent conformational
change of the protein in the BR ground state (Szaraz et al.,
1993). Both findings argue for a pH-dependent heterogeneous
BR population near pH 9. One possibility is that the group
responsible for this heterogeneity is the proton release group.
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Measurements of the photocurrent as a function of pH have
shown that the component associated with proton release is pH
dependent, with a pKa of about 9 at salt concentrations of about
100 mM (Kono et al., 1993; Liu, 1990; the discrepancies, real
or apparent, in reported measurements of the pH dependence
of proton pumping are discussed by Ebrey, 1993). The proton
release group, sometimes designated XH, has been identified
with Arg-82 (Song et al., 1994; Balashov et al., 1993) or a
tyrosine residue (Balashov et al., 1991). The pH dependence of
proton pumping has also been explored by measurement of the
kinetics of proton release and uptake detected by pH-sensitive
dyes (Zimdnyi et al., 1992, 1993). Proton release in theM state,
for example, is enabled by a group with pK- 6 (ZimAnyi et
al., 1992), whereas the pKa for proton uptake is - 11 (Zimanyi
et al., 1993). These findings have led several workers to
conclude that the pK, ofXH decreases from its initial value of
-9 at the beginning of the photocycle to -6 at the time of
proton release (Kono et al., 1993; Cao et al., 1995).
In light of the pH dependence for proton release dis-
cussed above, one interpretation of the pH dependence of
the M-state anisotropy is that reorientation in M is corre-
lated with proton release on the extracellular side of the
membrane. From this point of view, the changes in anisot-
ropy at pH ' 9 can be attributed to heterogeneity in the BR
ground-state population. Above this pH, proton release is
lost and reorientational motions are blocked. At pH < 6,
where proton release does not occur until later in the pho-
tocycle (Zimanyi et al., 1992), reorientation is not triggered
during the M state. Another possibility is that the reorien-
tations observed in M are correlated with the change in
electrostatic interactions in the extracellular domain that
includes D85, R82, and Y57 (Cao et al., 1995).
The pH dependence of the amplitude of spectator reorien-
tations in Fig. 2 seems to track the pH dependence of reorien-
tations in M, as expected if reorientations in M drive a reori-
entation in spectator proteins. The spectator reorientation times
Ta and Tb in Table 2 are comparable to those obtained previ-
ously by a slightly different fitting procedure (Wan et al.,
1993). Interestingly, these reorientation times correspond
closely with the time constants for the appearance and decay of
photo-induced changes in the surface potential detected by
optical probes bound to the surface (Heberle and Dencher,
1992). This suggests that the reorientation of spectator BR
either responds to or causes a change in the potential experi-
enced by a surface-bound probe. This could occur if reorien-
tation exposes the probe to a different environment, as sug-
gested by Heberle and Dencher (1992).
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